We investigated whether the pro-fibrotic matricellular protein osteopontin (OPN) is associated with the enzymes involved in the extracellular synthesis of fibril-forming collagen type I (i.e. procollagen C-proteinase, PCP) and its cross-linking to form insoluble fibrils (i.e. lysyl oxidase, LOX) in heart failure (HF) of hypertensive origin.
Introduction
Myocardial fibrosis may contribute to the development and progression of chronic heart failure (HF) in patients with hypertensive heart disease (HHD). 1 A linkage between fibrosis and left-ventricular (LV) dysfunction/failure may be established through different pathways, including increased LV chamber passive stiffness that primarily impairs diastolic function, but when severe, also compromises systolic performance. 2 Studies using experimental models of HF, 3 -5 as well as clinical studies performed in patients with HF 6, 7 have demonstrated that the effects of myocardial fibrosis on LV mechanics and function depend critically on both the amount of mature fibril-forming collagen type I and its insolubility, that determines its stiffness and resistance to degradation by matrix metalloproteinases (MMPs). Of interest, increased expression of the enzyme responsible for the synthesis of mature collagen type I (i.e. procollagen C-proteinase or PCP) and the enzyme responsible for the formation of cross-linked insoluble collagen (i.e. lysyl oxidase or LOX) have been reported in the myocardium of hypertensive patients with HF. 6, 8, 9 The available evidence in experimental models of pressure overload 10 -12 and in patients with cardiac diseases other than HHD 12 -15 supports that an excess of the matricellular protein osteopontin (OPN) is involved in myocardial remodelling. Although OPN has been shown to promote fibroblast differentiation to myofibroblasts 16 and to inhibit MMPs involved in collagen degradation, 17 no data are available on its ability to influence the synthesis of collagen type I molecules and the process of cross-linking to form collagen type I fibres. Therefore, this study was mainly designed to explore whether OPN is associated with PCP and LOX in myocardial samples from patients with HHD having HF. In addition, the direct effect of OPN on the expression and activity of LOX was assessed in cultured human fibroblasts. Finally, we also evaluated whether circulating OPN can be a biomarker of myocardial OPN and fibrosis in patients with HHD and HF.
Methods

Subjects
All subjects gave written informed consent to participate in the study, and the institutional review committee approved the study protocol. The study conformed to the principles of the Helsinki Declaration.
The hypertensive population consisted of 21 patients with systolic blood pressure (SBP) and diastolic blood pressure (DBP) of .139 and/or 89 mmHg, respectively, or with SBP and DBP values below 140 and/or 90 mmHg under antihypertensive treatment. All patients underwent appropriate clinical and laboratory evaluation to exclude secondary hypertension. All patients exhibited HHD as indicated by the presence of LV hypertrophy (LVH) in the echocardiogram. Other cardiac diseases associated with LVH, as well as coronary artery disease were excluded after complete medical examination, which included a diagnostic cardiac catheterization. All patients had a previous clinical diagnosis of chronic HF based on the presence of at least one major and two minor Framingham criteria.
18 Table 1 shows the clinical characteristics of these patients. Three transvenous endomyocardial biopsies were taken from the middle area of the interventricular septum from each patient during the cardiac catheterization procedure. Two of the biopsy samples were used for molecular studies and the remaining sample for the histomorphological and immunohistochemical procedures.
Septal endomyocardial biopsies were obtained from autopsies of 10 ageand gender-matched healthy subjects (mean age, 59.40 + 3.27 years; seven male/three female) to assess control reference values of the histomorphological and molecular parameters. An additional group of 29 age-and gendermatched healthy subjects (mean age, 58.95 + 1.71 years; 22 male/7 female; body mass index, 25.32 + 0.63 kg/m 2 ; SBP, 116 + 3 mmHg; DBP, 76 + 2 mmHg) were used as controls for biochemical studies.
Echocardiographic study
Two-dimensional echocardiographic imaging, targeted M-mode recordings, and Doppler ultrasound measurements were obtained in each patient as previously described. 19 The presence of LVH was established when LV mass index (LVMI) was .111 g/m 2 for men and .106 g/m 2 in women. 20 The LV end diastolic volume (LVEDV) was calculated using the Teichholz formula. 21 LV ejection fraction (LVEF) was calculated according to Quinones et al.
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The following pulsed-Doppler measurements were obtained: maximal early transmitral velocity in diastole (V E ), maximal late transmitral velocity in diastole (V A ), isovolumic relaxation time (IVRT), and deceleration time (DT). DT was calculated as the time from the peak of the E-wave to the zerovelocity intercept of the regression line of the E-wave velocity deceleration profile. LV chamber stiffness (K LV ) was calculated as the ratio squared according to the following equation: K LV ¼ (0.07/DT) 2 mmHg/mL. 23 
Invasive cardiac studies
After significant coronary artery disease (≥50% stenosis in major epicardial coronary arteries) was discarded, pulmonary capillary wedge pressure (PCWP) was measured during the cardiac catheterization procedure.
Biochemical determinations
Venous blood samples were obtained from the left-antecubital vein in healthy controls, and from the left-antecubital vein and the coronary sinus in patients during the cardiac catheterization procedure and stored at 2408C for further simultaneous processing. OPN was measured in plasma by ELISA (Assay Designs). The inter-and intra-assay coefficients of variation were 9.2 and 4.0%, respectively. Aminoterminal propeptide of brain natriuretic peptide (NT-proBNP) was measured in plasma samples by ELISA (Biomedica Gruppe). The inter-and intra-assay variation coefficients were 8 and 5%, respectively. Plasma aldosterone was measured by radioimmunoassay using a commercial kit (Biovendor). The inter-and intra-assay variation coefficients were 9 and 7%, respectively. 
Histomorphological and immunohistochemical studies
The area of myocardium occupied by collagen tissue or collagen volume fraction (CVF) was determined by quantitative morphometry in sections stained with collagen-specific picro-sirius red, as previously reported. 24 The amount of insoluble collagen was assessed using colorimetric and enzymatic procedures as previously described. 6 Immunohistochemical analysis for OPN, a-smooth muscle actin, and collagen type I was performed on formalin-fixed and paraffin-embedded sections. Immunohistochemical staining was performed by the avidin peroxidase-labelled dextran polymer method. Positive staining was visualized with DAB Plus (Boehringer Mannheim Corp.), and tissues were counterstained with Harris haematoxylin (Sigma). Mouse monoclonal antibodies against OPN (Abcam; dilution 1:500), a-smooth muscle actin (Sigma; dilution 1:2000), and collagen type I (Biogenesis; dilution 1:10) were used as primary antibodies.
A semiquantitative scale was developed to assess OPN expression. The myocardial surface area with positive staining for collagen type I was analysed by quantitative morphometry, as previously described. 24 
Molecular studies
A 25 mg sample of total protein obtained from each biopsy was processed for western blot for OPN, PCP, LOX, MMP-1, MMP-2, MMP-9, and TIMP-1 as previously described. 25 mRNA levels of the a 1 chain of procollagen type I were analysed in myocardial samples by real-time quantitative RT -PCR as previously described. 26 Reverse transcription was performed with 200 mg of total RNA by using Superscript III reverse transcriptase (Invitrogen). Real-time PCR was performed with an 7900 HT Fast Real-time PCR system according to the manufacturer's recommendations (Applied Biosystems) by using specific TaqMan MGB fluorescent probes for human a 1 chain of procollagen type I (Hs00176329), and a specific TaqMan MGB fluorescent probe for human constitutive 18S ribosomal RNA as endogenous control. Data were analysed as arbitrary units (A.U.) relative to 18S ribosomal RNA.
In vitro study
Adult human dermal fibroblasts (HDFa line; GIBCO) and primary cell cultures of human cardiac fibroblasts were used. These primary cell cultures were obtained by outgrowth from endomyocardial biopsies from the right side of the ventricular septum of patients with dilated cardiomyopathy (LVEF, 30%), and shown to express specific fibroblasts markers (i.e. vimentin and P4HB) as previously described. 27, 28 Dose-response stimulation curves were performed with HDFa fibroblasts and subsequently a concentration of OPN of 125 ng/mL was selected as the lower concentration increasing pro-LOX protein expression when compared with unstimulated cells (Figure 1 ). Cells were left to expand until they reached 80% confluency. Cells were then starved in reducedserum medium for 24 h, prior to OPN (Peprotech) or vehicle stimulation for another 24 h.
LOX mRNA and the precursor of LOX protein (i.e. pro-LOX) levels were analysed in cell lysates using the methodology described earlier. A 10 mg sample of total protein obtained from cell lysates was used for the determination of pro-LOX protein using LOX antibody (R&D System) at a dilution of 1:500. For the measurement of LOX mRNA, the specific TaqMan MGB fluorescent probe for human LOX mRNA (Hs00942480_m1) was employed.
LOX activity was measured with a commercially available fluorimetric assay (AAT Bioquest) which utilizes a proprietary LOX substrate that releases hydrogen peroxide using the Amplilite TM ADHP substrate in HRP-coupled reactions. The procedure used followed the manufacturer's indications and the measured activity was corrected by total protein amount. Data are expressed as fold-change when compared with control conditions. 
Osteopontin and myocardial fibrosis
Connective tissue growth factor (CTGF) silencing was performed using lipofectamine 2000 (Invitrogen) and 10 pmol/mL of siRNA (Silencer Select siRNA, Ambion) in HDFa fibroblasts. CTGF mRNA levels were analysed with the specific TaqMan MGB fluorescent probe for human CTGF mRNA (Hs01026927_g1). Time -response curves for CTGF inhibition were performed finding a 58% inhibition after 12 h, 75% inhibition after 24 h, 77% inhibition after 36 h, 88% inhibition after 48 h, and 86% inhibition after 72 h. Accordingly, cells were placed in reduced-serum medium and transfected with either CTGF siRNA or a scramble siRNA; after 24 h, cells were stimulated with OPN (125 ng/mL) or vehicle and harvested 24 h later.
Human cardiac fibroblasts were stimulated with OPN (250 ng/mL) or kept in control conditions for 24 h in order to study the differentiation of fibroblasts to myofibroblasts as assessed by a-smooth muscle actin expression. Immunocytochemical detection of a-smooth muscle actin was performed in 4% paraformaldehyde fixed cells incubated with a monoclonal mouse antibody against human a-smooth muscle actin (Dako) at a 1:100 dilution. Subsequently cells were exposed to a biotinylated anti-mouse antibody and Cy3-conjugated streptavidin (Jackson ImmunoResearch). Nuclei were stained with Dapi (Invitrogen). The expression of a-smooth muscle actin in cardiac fibroblasts cells was below 5% in baseline conditions. Stimulation with OPN (250 ng/mL) for 24 h did not increase the fraction of cells positive for a-smooth muscle actin.
Statistical analysis
To analyse the differences in histomorphological, molecular, and biochemical parameters between controls and patients, and in LOX activity and expression between cells incubated with or without OPN, a Student's t-test for unpaired data was used once normality was demonstrated; otherwise the Mann-Whitney U test was performed. Categorical variables were analysed by the x 2 test or Fisher's exact test when necessary. The correlation between continuously distributed variables was tested by correlation coefficients and univariate regression analysis. The influence of confounding factors on correlations was excluded by partial correlation analysis for quantitative parameters. Values are expressed as mean + SD with 95% confidence intervals (CI) and categorical variables as numbers and percentages. A value of two-sided P , 0.05 was considered statistically significant.
Results
Assessment of myocardial fibrosis
The histomorphological, immunohistochemical, and biochemical parameters related to collagen assessed in the myocardium of controls and patients are presented in Table 2 . All these parameters were significantly increased in patients when compared with controls. Of interest, the fraction of total collagen corresponding to insoluble collagen was increased (P , 0. Figure S2 ). One 32 kDa band corresponding to the active form of LOX was identified in myocardial samples from all HF patients. In contrast, the active form of LOX was undetectable in myocardial samples from control subjects (see Supplementary material online, Figure S2) .
No correlations were found between myocardial PCP and parameters assessing myocardial collagen or left-ventricular function in patients from this study. Myocardial LOX was directly correlated with insoluble collagen (r ¼ 0.805, P ¼ 0.00017), PCWP (r ¼ 0.563, P ¼ 0.010), and K LV (r ¼ 0.459, P ¼ 0.025), and inversely correlated with the LVEF (r ¼ -0.580, P ¼ 0.015) in all patients. In addition, a direct correlation was found between insoluble collagen and PCWP (r ¼ 0.569, P ¼ 0.009) and K LV (r ¼ 0.526, P ¼ 0.017) in all patients. These correlations remained significant when we excluded the influence of a number of potential confounding factors (i.e. age, gender, systolic and diastolic blood pressure, LV mass and dimensions) in partial correlation analysis.
Assessment of myocardial OPN
Although 100% control subjects exhibited absent (50%) or mild (50%) immunostaining for OPN, 100% patients exhibited moderate-to-severe immunostaining, this difference being significant (P , 0.0001). Figure 2 shows that although OPN was almost absent in the myocardium of a control subject, it was highly expressed in the areas of interstitial and perivascular fibrosis, as well as in some cardiomyocytes in the myocardium of a patient with HHD and HF. Of interest, OPN was localized in fibrotic foci where fibroblasts and myofibroblats were present in the failing myocardium (Figure 2) .
OPN was identified in myocardial samples from all patients with HHD and HF by western blot. As shown in Figure 3 , direct correlations were found between OPN and LOX (r ¼ 0.460, P ¼ 0.041) and insoluble collagen (r ¼ 0.534, P ¼ 0.015) in the myocardium of all patients. These correlations remained significant when we excluded the influence of a number of potential confounding factors (i.e. age, gender, systolic and diastolic blood pressure, LV mass and dimensions) in partial correlation analysis.
In addition, myocardial OPN was directly correlated with collagen type I (r ¼ 0.600, P ¼ 0.004) and CVF (r ¼ 0.566, P ¼ 0.007) (Figure 3) , the latter correlation being dependent on age. No significant correlations were found between myocardial OPN and soluble collagen, a 1 chain of procollagen type I mRNA, PCP, MMP-1, MMP-2, MMP-9, and TIMP-1 in all patients.
Myocardial OPN was directly correlated with PCWP (r ¼ 0.558, P ¼ 0.009; Figure 4 ) and K LV (r ¼ 0.458, P ¼ 0.037; Figure 4) , and inversely correlated with LVEF (r ¼ 20.513, P ¼ 0.017; Figure 4 ) and plasma aldosterone (r ¼ 20.432, P ¼ 0.043) in all patients. These correlations were not influenced by age, gender, body mass index, systolic and diastolic blood pressure, LV mass and dimensions. No significant correlations were found between myocardial OPN and plasma OPN measured in blood from either the coronary sinus or the left antecubital vein in patients with HHD and HF. In addition, plasma OPN was not correlated with echocardiographic and biochemical parameters in these patients.
In vitro data
Pro-LOX protein expression increased in a dose-dependent manner upon OPN stimulation in HDFa fibroblasts (Figure 1) . In both freshly isolated human cardiac fibroblasts and HDFa, pro-LOX protein levels were also increased in OPN-incubated fibroblasts (125 ng/mL) when compared with control cells (P ¼ 0.029 and P ¼ 0.011, respectively; Figure 5 ). Similarly, LOX activity was increased in both fibroblast types (P ¼ 0.046 for human cardiac fibroblasts and P ¼ 0.004 for HDFa) Although CTGF silencing had no effect on LOX activity in baseline conditions, it blunted (P ¼ 0.002) OPN-induced increase in LOX activity ( Figure 6 ). On the other hand, CTGF silencing induced a decrease (P ¼ 0.001) in LOX mRNA expression in baseline conditions, and it prevented OPN-induced increase in LOX mRNA expression (P ¼ 0.007) (Figure 6 ).
Discussion
The main findings of this study are as follows: (i) an excess of myocardial OPN is associated with increased LOX, insoluble collagen, and collagen type I deposition in HF patients with HHD; (ii) myocardial OPN is associated with LV filling pressures, stiffness, and systolic dysfunction in these patients; and (iii) OPN up-regulates LOX activity and expression in human cardiac and dermal fibroblasts. Although the association of OPN with LOX does not necessarily represent a causative relation, it provides a new pro-fibrotic mechanism in patients with HF of hypertensive origin.
The finding that myocardial OPN was abnormally increased in HF patients with HHD expands previous findings in HF patients with ischaemic heart disease, dilated cardiomyopathy, and hypertrophic cardiomyopathy, 12 -14 thus providing for the first time evidence that myocardial OPN is up-regulated in the human pressure-overloaded failing myocardium, as it does in animal models of HF secondary to arterial hypertension or aortic banding.
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Although in a murine model of mechanical pressure overload by aortic banding, the increase of OPN did not seem to play a significant role in the development of myocardial fibrosis, 29 other studies have shown that angiotensin- 30 -32 and aldosterone-induced 33,34 OPN expression mediates the cardiac fibrotic effect of these two hormones. Similarly, myocardial fibrosis induced by interleukin-18 (IL-18) in rodents has been shown to be associated with enhanced expression of OPN. 10 Since all the patients included in the current study were under treatment with either angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, the contribution of angiotensin II to the increase in myocardial OPN seen in patients with HHD and HF remains to be determined. Although plasma OPN has been shown to be associated with plasma aldosterone in patients with dilated cardiomyopathy, 35 no correlation was found between these two parameters in the present study, thus making it unlikely for this hormone to be a major factor involved in the increase in OPN. Moreover, an inverse correlation was found between plasma aldosterone and myocardial OPN in these patients. However, it has to be taken into account that cardiac aldosterone may be increased in HF without changes in systemic plasma aldosterone levels. 36 Therefore, a role for cardiac aldosterone inducing OPN expression cannot be excluded. On the other hand, the potential contribution of IL-18 to the excess of OPN seen in the failing human hypertensive heart deserves further studies. Fibrosis compromises tissue stiffness and adversely affects myocardial viscoelasticity, leading to LV diastolic and systolic dysfunction. 37 Myocardial stiffness is affected not just by the amount of myocardial collagen, but also by its quality (i.e. the insolubility of collagen fibrils and the amount of collagen type I fibres). 1 Therefore, the strong associations found here between OPN and insoluble collagen, collagen type I, PCWP, and LVEF support a role for OPN in alterations of the myocardial collagen matrix that result in the deterioration of the compliance and function of the left ventricle in patients with HHD and HF. This possibility is supported by the findings that cardiac induction of OPN in rats submitted to pressure overload is accompanied by myocardial fibrosis, increased LV chamber stiffness, and reduced LVEF. Although some experimental findings suggested that OPN might facilitate myocardial fibrosis through the differentiation and activity of myofibroblasts 16 and the inhibition of MMP-mediated degradation of collagen fibres, 17 no associations of OPN with parameters assessing these two aspects were found in this study. However, we report data suggesting a potential novel mechanism of OPN-mediated fibrosis in the human failing hypertensive myocardium: stimulation of LOXdependent cross-linking of collagen type I fibrils to form collagen fibres. This possibility is further supported by our in vitro observation that OPN increases LOX activity and stimulates the expression of the LOX precursor in human cardiac and dermal fibroblasts. Of interest, the effect of OPN on LOX mRNA expression differs between freshly isolated cardiac fibroblasts and HDFa; this different behaviour might be related to either the different origin of the fibroblasts or to the process of immortalization and proliferation properties of the cell line. Our in vivo and in vitro findings suggest that OPN can be a new factor involved in the regulation of LOX, as are hypoxia-inducible factor-1a, advanced glycation end product-dependent transcription factors, and transforming growth factor-b. 38 Interestingly, although OPN increased LOX activity and protein expression in both dermal and cardiac fibroblasts it only increased LOX mRNA levels in dermal fibroblasts, suggesting that although translational mechanisms can be involved in OPN-mediated LOX up-regulation in the two cell subtypes, transcriptional mechanisms may also play a role in the dermal subtype. Since OPN stimulates the CTGF expression in cardiac fibroblasts 16 and that CTGF regulates LOX expression in these cells, 39 the possibility exists that OPN-induced LOX up-regulation is mediated by CTGF in the myocardium of HF patients from this study. This is supported by our in vitro data showing that CTGF silencing blunted OPN-induced increase in LOX activity and expression. Finally, we have found that plasma OPN is abnormally increased in patients with HF of hypertensive origin. This goes along with recent findings in patients with HF secondary to either ischaemic heart disease or dilated cardiomyopathy. 15, 40, 41 However, in contrast to data by Tamura et al. 42 in patients with myocardial infarction, our data do not support that OPN is released from the heart into the coronary circulation (i.e. we did not found a gradient between plasma OPN measured in blood from coronary sinus and blood from the antecubital vein). Furthermore, plasma OPN was not associated with myocardial OPN or with LV morphological and functional parameters. Therefore, our findings do not support a role for plasma OPN as a cardiac biomarker of myocardial OPN in patients with HHD and HF pointing to a major contribution by extracardiac sources (e.g. inflammatory circulating cells, other organs) to circulating OPN in this condition.
Limitations
Several limitations need to be acknowledged. First, this was a study involving a relatively small number of patients, but because of the nature of the goals under investigation, this design is appropriate. Secondly, since our patient sample comprised patients with HHD in whom other cardiac conditions had been excluded, the results may not be generalized to HF patients with cardiac diseases different from HHD. Third, we performed biopsies of the interventricular septum to assess the fibrotic effect of LV pressure loading. However, as we have shown previously, 25 in terms of myocardial fibrosis, the septum is representative of the free wall. Finally, collagen cross-linking formed from glycation may also affect collagen insolubility, therefore the increase of insoluble collagen detected in the current study cannot be exclusively attributed to an excess of LOX.
Conclusions
In conclusion, we show that OPN is associated with LOX and insoluble collagen in the myocardium of patients with HHD and HF. Furthermore, OPN is also associated with LV filling pressures, stiffness, and systolic dysfunction in these patients. Since we found that OPN up-regulates LOX activity and expression in human cardiac and dermal fibroblasts, the possibility emerges that this matricellular protein is involved in fibrosis through the control of LOX-mediated cross-linking of collagen type I, thus leading to a stiff and highly resistant to degradation collagen. In this conceptual framework, the OPN -LOX axis can be a novel target to treat myocardial fibrosis and its detrimental impact on LV function in patients with HF of hypertensive origin.
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